Nanofiber structures of some peptides and proteins as biological materials have been studied extensively, but their molecular mechanism of self-assembly and reassembly still remains unclear. We report here the reassembly of an ionic self-complementary peptide RADARADARADARADA (RADA16-I) that forms a well defined nanofiber scaffold. The 16-residue peptide forms stable ␤-sheet structure and undergoes molecular self-assembly into nanofibers and eventually a scaffold hydrogel consisting of >99.5% water. In this study, the nanofiber scaffold was sonicated into smaller fragments. Circular dichroism, atomic force microscopy, and rheology were used to follow the kinetics of the reassembly. These sonicated fragments not only quickly reassemble into nanofibers that were indistinguishable from the original material, but their reassembly also correlated with the rheological analyses showing an increase of scaffold rigidity as a function of nanofiber length. The disassembly and reassembly processes were repeated four times and, each time, the reassembly reached the original length. We proposed a plausible sliding diffusion model to interpret the reassembly involving complementary nanofiber cohesive ends. This reassembly process is important for fabrication of new scaffolds for 3D cell culture, tissue repair, and regenerative medicine.
M
olecular design, development, and fabrication of biological materials are a prerequisite for the advancement of medical technologies. These include scaffolds for fostering tissue regeneration, tissue engineering in regenerative medicine, and controlled drug release (1) (2) (3) (4) (5) (6) (7) . Synthetic polymers and biodegradable biomaterials have had a significant impact in medicine over the last two decades (8) (9) (10) . However, the continuous discovery and design of materials of biological origins are of great interest to multiple and diverse scientific and medical communities. The fabrication of materials at the molecular scale from ''the bottom up,'' one molecule at a time through synthesis and one unit at a time through self-assembly, has many advantages (11, 12) . This approach is not only flexible and simple, but these materials can be tailor-made, thus facilitating the incorporation of many biochemically and medically desired features.
We previously reported the discovery and development of a class of self-assembling peptide scaffold materials to culture cells in three dimensions (13) (14) (15) (16) (17) . These short, 8-to 16-residue (Ϸ2.5-5 nm in length) peptides are chemically synthesized and form extremely stable ␤-sheet structures in water (13, 14) . They not only self-assemble to form stable nanofibers, but also form higher-order nanofiber scaffolds, namely, hydrogels with extremely high water content [Ͼ99.5 (wt͞vol)% water] (15) (16) (17) . The gelation process is accelerated either by changing to neutral pH or adding physiological concentrations of salt solutions (13) (14) (15) (18) (19) (20) (21) . However, although it has high water content and is relatively soft, once the scaffold is formed, it limits the movement of biomolecules and other nanoscale and microscale entities (T. Savin, P. Doyle, R. Ellis-Behnke, and L. Spirio, personal communications).
To obtain a homogenous distribution of biological molecules in the peptide scaffolds for 3D tissue cultures (22, 23) , controlled drug release, and other uses, it is important to evenly mix the substances to initiate the culture. We asked whether the selfassembled nanofibers could undergo reassembly after mechanical breakage through sonication. Sonication usually breaks the weak chemical bonds including hydrogen, ionic bonds, and hydrophobic interactions, but not the covalent peptide bonds. Thus, this process may allow reassembly of the mechanically dissembled individual peptides. The fragmented assemblies may contain compatible and complementary ends through both hydrophobic and ionic interactions. We report here the observation of reproducibly dynamic reassembly of self-assembling peptide that becomes a simple, reliable, and reproducible material process for producing well ordered peptide nanofiber scaffolds. Our findings will not only facilitate further development of well defined and tailor-made 3D cell culture systems for diverse cell systems, but may also have significance for studying and fabricating a broad range of fibrous biological materials. Reassembly Assessment with Atomic Force Microscopy (AFM). After sonication of the RADA16-I solution for 30 min, aliquots of 1 l were removed from the peptide solution and diluted with 19 l of Milli-Q water (20ϫ dilutions). One microliter sample was immediately deposited onto a freshly cleaved mica surface at varying times as indicated. Each aliquot was left on the mica for Ϸ15 s, then rinsed with 100 l of Milli-Q water. The peptide sample on the mica surface was then air-dried, and images were acquired immediately. The images were obtained by scanning the mica surface in air by AFM (Nanoscope IIIa, Digital Instruments, Santa Barbara, CA) operating in tapping mode.
Materials and Methods
Soft silicon cantilevers were chosen (force modulation etched silicon probe, Veeco Probes) with cantilever length of 219 m, spring constant of 1-5 N͞m, and tip radius of curvature of 5-10 nm. AFM scans were taken at 512 ϫ 512-pixels resolution and produced topographic images of the samples in which the brightness of features increases as a function of height. Typical scanning parameters were as follows: tapping frequency Ϸ60 kHz, RMS amplitude before engage 1-1.2 V, integral and proportional gains 0.2-0.6 and 0.4-1.2, respectively, set point 0.7-1.0 V, and scanning speed 1-1.5 Hz. It must be emphasized that the entire dynamic reassembly experiments were repeated four times for all samples taken from a single tube. It should be pointed out that many experiments using different sample preparations also yield similar results.
Microrheological Analysis. Viscoelastic property was determined with a rheometer (AR1000, TA Instruments, New Castle, DE) in the Massachusetts Institute of Technology Hatsopoulos Microfluids Laboratory at the Department of Mechanical Engineering. After sonicating RADA16-I solution for 30 min, 550 l of the solution was placed on the plate of a rheometer. A 4-cm-diameter, 2°stainless-steel cone with a truncation at 56 m was used so that the tip was 56 m above the plate, and a solvent trap was placed around the cone with vacuum grease applied to obtain a liquid tight seal. Storage modulus G' was measured at a constant frequency of 1 Hz. The sample was tested with 2 m oscillatory torque at 25°C.
Results and Discussion
Nanofiber Scaffold Formation. The ionic self-complementary peptide RADA16-I (Fig. 1a) formed nanofibers ( Fig. 1 b-d) ranging from a few hundred nanometers to a few microns. Peptide samples in aqueous solution using environmental AFM examination showed similar nanofiber results, suggesting the nanofiber formation is independent of the drying process (see Fig. 6 , which is published as supporting information on the PNAS web site). It is interesting to observe that at high resolution the nanofibers appeared to have distinct layers, especially in some segments (Fig. 1d) . The difference in height is Ϸ1.3-1.5 nm, a similar dimension as a single thickness of a peptide. Fig. 1 e-h shows the peptide scaffold hydrogel at various concentrations, 0.6-3 mM (1-5 mg͞ml, wt͞vol, or 99.5-99.9% water content). The scaffold hydrogel is completely transparent, which is a very important requirement for accurate image collections for uses in 3D tissue cell cultures.
␤-Sheet Structure Measurement. It is know that the RADA16-I forms a very stable ␤-sheet (15), thus its structure can be followed before and after sonication. Since CD only measures the backbone conformation, it cannot precisely determine whether and how the nanofibers reassembled. However, since the structure of ␤-sheet formation is a prerequisite, CD can determine whether sonication can break the peptide backbones. CD examination of the peptide structures was used to measure the ␤-sheet at various times before and after sonication (Fig. 2) . Before sonication, samples at time points 2, 8, 16, 32, and 64 min were taken after sonication. The typical ␤-sheet spectra were observed at all time point experiments, indicating the molecular structure and the integrity of the peptides were unchanged before and after sonication. Furthermore, the ␤-sheet contents (216 nm) remain nearly identical in all time points and slightly higher than the sample before sonication, suggesting conventional ␤-sheet packing. However, because the degree of ␤-sheet in the 195-nm region before sonication is different from that after sonication may suggest a different ␤-sheet twist (ref. 15 and G. Fasman, personal communication in 1994). It is possible that , and 64 min, were taken after sonication. The typical ␤-sheet spectra were observed at all time point experiments, indicating the molecular structure and the integrity of the peptides were unchanged before and after sonication. Furthermore, the ␤-sheet contents (216 nm) remain nearly identical in all time points and slightly higher than the sample before sonication, suggesting tight ␤-sheet packing. However, the degree of ␤-sheet twist (195-nm region) before sonication is different, suggesting different ␤-sheet packing. It is possible that the sonication process removed less packing. the sonication process resulted in different reassembly packing. This result is not surprising; because reassembly is a dynamic process, variation of packing at molecular backbone is possible. Furthermore, the initial ␤-sheet packing without sonication may not result in the most well ordered packing. Like packing wood or plastic strips in a box, the initial packing may not result in the tightest packing. A more precise measurement through x-ray fiber diffraction may clarify these subtle differences.
The CD experiments suggest that at the molecular scale the individual peptides did not break into monomers but formed stable ␤-sheets and were packed together even after repeated sonication times.
Self-Assembling Peptide Reassembly. To unequivocally demonstrate the reassembly process, all samples were taken from a single tube throughout the entire experiment (the experimental design is illustrated in Fig. 7 , which is published as supporting information on the PNAS web site). The time points of the peptide samples were obtained from the identical tube after four repeated procedures of sonication and reassembly. As a control, an aliquot of the peptide was removed before the first sonication to determine the nanofiber structure (Figs. 1 and 7) .
AFM images revealed that the nanofibers range from several hundred nanometers to a few microns in length before sonication. After sonication, the fragments were broken into Ϸ20-100 nm. The kinetics of the nanofiber reassembly was followed closely at 1, 2, 4, 8, 16, 32, and 64 min and 2, 4, and 24 h (Fig.  3) . The nanofiber length reassembly is a function of time: by 2 h, the nanofibers had essentially reassembled to their original length. This remarkable and rapid reassembly is interesting because there may be little nucleation for regrowth of the nanofiber from the addition of monomers that could be produced only during sonication. It is plausible that a large population of the sonicated nanofiber fragments contains many overlapped cohesive ends caused by undisrupted alanine hydrophobic sides that may quickly find each other (Fig. 1d) . The situation is analogous and commonly found in sonicated and enzymatic digested DNA fragments.
Kinetics of Nanofiber Reassembly. The kinetics of reassembly is shown in Fig. 4 . The first reassembly kinetics is shown as a function of time, and the initial 32-min reassembly is shown in detail in Fig. 4a Inset. Perhaps, like DNA reassembly, the reassembly largely depends on the concentrations of the short complementary fragments. In this case, the fragments are the sonicated peptide nanofibers with the possible presence of sonicated monomers.
The reassembled peptide nanofibers were subjected to sonication for three additional times. In each case, it was observed that the final nanofibers reached the original length, from a few hundred nanometers to a few micrometers (Fig. 4b) . This reassembly progress correlates well with the rheology experiments where the viscoelastic property increases as a function of time, thus the nanofiber length. The storage modulus G' (Pa) of the scaffold hydrogel became higher and higher, reaching Ͼ50 Pa, whereas the nanofibers reassemble into Ͼ1,000-nm average fiber length (Fig. 4c) . These observations are consistent with each other, namely, the longer the nanofibers, the higher the storage modulus G'.
A Suggested Plausible Reassembly Process. To understand dynamic reassembly, we proposed a plausible sliding diffusion molecular model to interpret these observations of reassembly of the self-assembling RADA16-I peptides (Fig. 5) . Unlike the lefthanded helical structures observed in KFE8 (18), a different self-assembling peptide, no helical structures were observed for RADA16-I with AFM and transmission electron microscopy (16).
For molecular modeling clarity, these RADA16-I ␤-sheets are presented as nontwisted strands. It is known that these peptides form stable ␤-sheet structure in water, thus they not only form the intermolecular hydrogen bonding on the peptide backbones, but they also have two distinctive sides, one hydrophobic with array of overlapping alanines (Fig. 5 , green color sandwiched inside), similar to that found in silk fibroin or spider silk assemblies (24) (25) (26) . The other side of the backbones has negatively charged (Ϫ) aspartic acids, represented as red in Fig. 5 , and positively charged (ϩ) arginines, represented as blue in Fig. 5 .
The alanines form packed hydrophobic interactions in water; during sonication the hydrophobic interaction could be disrupted mechanically. However, these hydrophobic cohesive ends could find each other quickly in water since the exposure of hydrophobic alanine arrays to water is energetically unfavorable. Because the hydrophobic alanines interaction is nonspecific, they can slide diffusively along the nanofiber, like trains on train tracks. The same sliding diffusion phenomenon was also observed in nucleic acids where poly(A) and poly(U) form complementary base pairings that can slide diffusively along the chains (27, 28) . If, however, the bases are heterogonous, containing G, A, T, and C, the bases cannot undergo sliding diffusion. Likewise, if the hydrophobic side of the peptides does not always contain alanine, such as valine and isoleucine, it would become more difficult for sliding diffusion to occur because of structure constraint.
On the charged side, both positive and negative charges are packed together through intermolecular ionic interactions in a checkerboard manner (looking from the top). Likewise, the collectively complementary ϩ and Ϫ ionic interactions may also facilitate the reassembly. Like restriction-digested DNA fragments, these nanofiber fragments could form various assemblies: blunt, semiprotruding, and protruding ends. The fragments with semiprotruding and various protruding ends and blunt ends can reassemble readily through hydrophobic and ionic interactions.
Other Implications. Nanofibers are ubiquitous and have been found in many self-assembled biological and nonbiological materials, including short peptides, as short as two to five residues (29), medium-sized peptides (30-33), natural occurring proteins (34) (35) (36) (37) (38) (39) (40) (41) (42) , selected proteins from random peptide͞protein libraries (43), artificially designed proteins (44) (45) (46) (47) , lipids (48, 49) , and polysaccharides (50), and synthetic carbon nanofibers (Electrovac, Klosterneuburg, Austria, www.electrovac.com͞de͞cntcnt. htm and Synthecon, Houston, www.synthecon.com). Unlike processed polymer fibers in which the fragments of polymers cannot readily undergo reassembly without addition of catalysts or through material processing, the supramolecular self-assembly and reassembly event we uncovered here is likely to be widespread in many unrelated fibrous biological materials. Self-assembly and reassembly are very important properties for fabricating novel materials, and it is necessary to fully understand their detailed processes to design better biological materials.
It should also be pointed out that self-assembling peptides have some structural features similar to other protein fibrils commonly found in amyloids. It has been reported that several proteins undergo conformational changes to form stable ␤-sheets that further form fibrils. Addition of monomer of the same proteins results in fibril growth (51-55). The proposed sliding diffusion pathway of a single peptide nanofiber. When the fragments of nanofiber first meet, the hydrophobic sides may not fit perfectly but have gaps. However, the nonspecific hydrophobic interactions permit the nanofiber to slide diffusively along the fiber in either direction, which minimizes the exposure of hydrophobic alanines and eventually fills the gaps. The sliding diffusion phenomenon was also reported for nucleic acids of poly(A) and poly(U) in 1956 (27, 28) . Green indicates alanines; red indicates negatively charged aspartic acids; and blue indicates positively charged arginines. For clarity, these ␤-sheets are not presented as twisted strands.
Furthermore, this finding may have significant implications beyond supramolecular chemistry and biological materials selfassembly. For instance, nanofibers are also found in protein amyloid (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (51) (52) (53) (54) (55) . It is possible that some of the selfassembled amyloid nanofibers will undergo reassembly to resist drug and other treatments. Understanding such a dynamic amyloid nanofiber formation and finding a way to combat it remains a formidable challenge (56) (57) (58) .
